Abstract To investigate the geometrical relationships between folding and thrust faulting, we built a 3D geological model of the Helvetic fold-and-thrust belt in eastern Switzerland from several existing and two newly drawn cross-sections in the Säntis area. We partly redrew existing cross-sections and validated them by checking for line length balance; to fill areas with no data we drew additional cross-sections. The model was built based on surface interpolation of the formation interfaces and thrusts between the cross-sections, which allowed generating eight main surfaces. In addition, we used cave data to validate the final model in depth. The main structural elements in the Säntis area, the Säntis Thrust and the Sax-Schwende Fault, are also implemented in the model. The result is a 3D structural model of the area, which provides an intuitive way for examining a portion of a complex structural nappe. The 3D model highlights the shapes of the main anticlinesyncline pairs and how these fold trains vary laterally in amplitude and wavelength. It shows how lateral variations in fold style correlate with regional shortening gradients as determined from line-length balancing. The model also clearly shows the lateral extension, the trend, and the variation in displacement along the principal faults. The reconstruction of horizons in 3D allows the investigation of cross-sections in any given direction. The 3D model is useful for developing and understanding how the internal nappe structures, namely folds and thrust faults, change along strike due to palaeogeographic and stratigraphic variations. Lateral stratigraphy variations correlate with different deformation responses of the nappe. Changes can occur either abruptly across transverse faults or in a more gradual manner.
complex geological settings (Tanner et al. 2003; Zanchi et al. 2009; Sala et al. 2013) .
A wide range of research opportunities is offered by the use of such models:
• Investigation of specific structures and their spatial variations; • identification of the processes involved in the formation of such structures; • reconstruction of the deformation history of an area;
• visualization for didactical/teaching purposes, for example during classes of structural geology.
Our research focuses on the analysis of the Alpstein area in eastern Switzerland. This mountain range is part of the Säntis nappe, which is the highest nappe of the Helvetic nappe-stack. The latter is the fold-and-thrust belt on the northern margin of the central Swiss Alps (Pfiffner 1981) . The nearly perfect outcrop conditions, combined with the exemplary intersection of formation boundaries with topography, make it a superb laboratory for structural geology. Since the pioneering work of Heim (1905) at the beginning of the 20th century, the area was mapped in detail (Eugster et al. 1982) and investigated in terms of deformation mechanisms (Groshong et al. 1984) , structural evolution, and fold-thrust interaction (Funk et al. 2000; Pfiffner 1985 Pfiffner , 1993 Pfiffner , 2011 . The restorations proposed so far are mostly two-dimensional palinspastic reconstructions, either in map or in cross-sectional view. A total displacement of the nappe was computed with the help of 2D palaeogeographic maps by Kempf and Pfiffner (2004) , and Pfiffner (2009 Pfiffner ( , 2011 and estimated as 95 km from the original position.
In this paper we present a three-dimensional model of an area representative of the Säntis nappe between Wildhaus and the Rhine Valley. In particular, the 3D model focuses on the frontal part of the Säntis nappe. The model is discussed in the light of lateral structural changes, fold-fault interaction, and influences of palaeogeographic features on the structural style. Additionally, cave data are projected into the model to validate some of the lithological boundaries at depth.
Geologic setting of the Säntis area
The Helvetic nappes represent a fold-and-thrust belt related to the collision between the European and the Adriatic plates. They comprise allochthonous sediments, spanning from Triassic to Paleogene, that were detached from the European passive margin at the beginning of the Oligocene along a basal thrust fault and transport over a distance of almost a hundred kilometres (Pfiffner 2011) .
Internally, the nappes show a variety of complex structures, such as fault-propagation folds and fault-bend folds associated with thrust faults, and detachment folds, associated with areas with significant accumulations of weak sediments. Fold axial surfaces and thrust faults generally strike parallel to the trend of the mountain chain, but locally they are displaced by a number of prominent strikeslip faults, which cause variations in the internal structure of the nappes.
In the Säntis nappe, a sequence of Cretaceous to Paleogene calcareous formations is detached from its Jurassic substratum along the Säntis Thrust (Figs. 2, 3) . From bottom to top, the most characteristic and dominant stratigraphic units are:
• The Ö hrli Formation, which consists of two main members (Grasmück-Pfluger 1962) : the Ö hrli Marl (the main detachment horizon, of Berriasian age) and the Ö hrli Limestone. The Ö hrli Fm., up to 250 m thick, is represented by a fossiliferous, light-coloured limestone, often interrupted by a marly horizon rich in bioclasts and lithoclasts. Hardgrounds are often found at the top of the formation. The real stratigraphy includes a number of sub-units not mentioned here. For a complete overview, see Fig. 3a , where a complete lithostratigraphic column from Eugster et al. (1982) is shown.
On the geological map ( Fig. 2a) it is possible to notice differences in the outcropping formations from northwest to Fig. 2 Maps of the Alpstein area. Inset Helvetic nappes distribution (green) in Switzerland with the location of the study area. a Geological map of the study area with a simplified stratigraphy. b Simplified structural map of the study area. The cross-sections used in the model building process are shown in both a and b and labeled in (b). Arrows appearing with the anticline traces refer to the dip direction of the fold axial planes. Capital letters (e.g., A, B, C) refer to thrusts; capital ''A''s followed by a roman number (e.g., AI, AIV, etc.) refer to anticline traces. NP North Penninic nappe; UH Ultrahelvetic nappe. Coordinates are given in the Swiss coordinate system CH1903 southeast with a stiffer and more homogeneous sequence of limestones in the NW, the interfingering with Vitznau Marls in the centre and the disappearance of the Ö hrli Limestone and Ö hrli Marl in the SE. In general, the lowermost marly units from Berriasian to lower Valanginian seem to be discontinuous across the area with the Ö hrli Marl outcropping north and the Vitznau Marl outcropping south of the area of the Rotstein Pass (see Figs. 2, 3) .
We reorganized the original stratigraphy into a simplified column (Fig. 3b) , which aims at selecting the main horizons to be modeled and displayed in the 3D model, rather than grouping units with similar mechanical behavior. The simplified stratigraphy contains eight units corresponding to the top surface of the Ö hrli Marl, Ö hrli Limestone, Vitznau Marl, Betlis Formation, Helvetic Kieselkalk, Schrattenkalk, Garschella Formation, and Seewen Formation. The sedimentary sequence is folded in anticline-syncline pairs, mostly with axial surfaces striking-NE-SW with one exception: the big anticline of the Hoher Kasten, with an axial surface bending towards a strike of N30E.
The area is divided into two main blocks by the transverse Sax-Schwende Fault system. Smaller fault blocks are delimited by main thrust faults striking NE-SW and steeply dipping, transverse, strike-slip faults striking N-S to NNW-SSE.
Data collection
To build the model, we used the pseudo 3D-modelling approach (Wilkerson et al. 1991; Cristallini and Allmendinger 2001) . This modelling procedure consists in creating 3D surfaces by interpolating successive parallel crosssections.
The raw data used to generate the 3D model are five sets of cross-sections published between 1941 and the present day ( Fig. 4a-f ). They are taken from Schlatter (1941) , Kempf (1966) , Pfiffner in Funk et al. (2000) and Pfiffner (2011) , except for 2 profiles specially constructed for this study. For a precise position of the cross sections, see Fig. 2 and Table 1 .
Most of the cross-sections lack precise spatial references, for example the ones from Schlatter (1941) and Pfiffner (2011) . It was therefore necessary to georeference Fig. 3 Stratigraphy of the study area: a Complete stratigraphy as described in Eugster et al. (1982) . b Simplified stratigraphy, grouping some of the formations into larger units and corresponding erosion profile. c North-south correlation schematically showing thickness and lateral variation of the stratigraphy. Most notable is the increase in thickness of the Vitznau Marl towards the south them in ArcGIS with the help of a digital elevation model (DEM) from the Swiss Federal Office of Topography (Swisstopo), with a grid size of 10 9 10 m. The geological map of the Säntis was draped onto the DEM to help position the cross-sections with respect to the geology and topography. Generally, the cross-sections are straight transects oriented perpendicularly to the trend of the mountain chain (NNW-SSE), but a few of them are doglegged as deduced from the comparison with the topography (as in the case of the cross-sections of Kempf 1966 , used in constructing those in Fig. 4b ).
The five sets of cross-sections were constructed by five different authors, who all followed a different structural style. Therefore, the first step was to homogenize the structural style of the cross-sections, either by adapting them to a more accurate and recent geological map or by completely redrawing them, especially those with an uncertain position. The latter was done for the cross-sections of Schlatter (1941) and Pfiffner (2011) , for which the provided map was not detailed enough to spatially constrain the sections.
The four longest cross-sections covering the whole area of the Säntis geological map sheet and running perpendicular to the strike of the chain (Pfiffner in Funk et al. 2000) constitute the back-bone of the model and set the scale of the model to a rectangular area of about 14 9 16 km. The gaps between them are filled, in the western part of the model, by eight cross-sections from Schlatter (1941) covering the frontal structures and five cross-sections from Pfiffner (2011) covering the southern folds and thrusts toward the Rhine valley. In the eastern part, due to a lack of data, we newly drew two new cross-sections in addition, to increase the level of detail of the constructed surfaces.
The cross-sections were validated by line-length balancing. The final cross-sections are shown in Fig. 4 . Comparing the line length of the Schrattenkalk with the actual horizontal length of the Schrattenkalk allows the estimation of the bulk shortening stored in one cross-section; comparing different cross-sections then allows estimating the lateral variation of bulk shortening across the different crosssection sets (Table 2) .
Additional data that is integrated into the model are cave geometries provided by the Speleological Group of Eastern Switzerland (OGH). We show in the discussion section how we used this data to validate the model in depth.
Model building methodology
For our reconstruction, we used the structural modelling software package Move 2012 from Midland Valley Ltd; the distinctive trait of this software is that it constructs triangular meshes from lines. The construction of the crosssections required tools available only within 2D Move, yet the structural model itself was built in 3D Move. Hence, we applied an integrated workflow combining 2D Move and 3D Move to exchange the data between the 2D and the 3D environment.
First, the cross-sections were imported and digitized in 2D Move. Each lithological interface is at this point represented by polylines, defined by a number of points that will dictate the final triangular mesh size of the surfaces. The triangular mesh size strictly depends on the desired resolution for the reconstructed surfaces; would be necessary to keep in mind that an excessive number of points on the polylines leads to a dense tessellation and heavier computation for the software, especially in case of hardware limitations. The reconstructed lithological interface lines are then cross-checked with respect to line length and thickness. Some degree of freedom in the thickness of each formation is allowed due to known thickness variations in the stratigraphy (Fig. 3b) . Afterwards, the cross-sections are sent to 3D Move.
In 3D Move the segments belonging to the same stratigraphic horizon can now be linearly interpolated between cross-sections to generate triangular meshed 3D surfaces (Fig. 5) . We first reconstructed the discontinuity elements such as faults and thrust faults. This way we were aware of areas where it is necessary to introduce a displacement in the horizons. The faults that lie between cross-sections and are therefore not represented in the cross-sections were generated from the vectorial elements of the Swisstopo geological dataset (Vectorial map 1115). We digitized the fault traces on the map and then filtered them based on their extent: we only kept the longest features in the model; shorter fault segments with no significant displacement were erased. The remaining faults were then draped onto the DEM to add the elevation information. Finally, we obtained the fault surfaces from the orientation analysis of these outcrop traces using the geological contact analysis (also known as ribbon technique : Fernández 2005; Fernández et al. 2009 ). This technique allows determining the orientation of a planar feature given a set of points or lines with their known positions in the 3D space; the method determines the best-fit plane through such elements (Fernández 2005) .
The cross-sections stem from different authors. Even though they were cross-checked and unified in terms of structural style, some issues can arise when fitting surfaces from one cross-section to the other. This implies continuous interactions and updates of the cross-sections while creating the model and tuning the bed thickness in order to generate a best-fitting plane. During this procedure it is quite important to keep track of the line-length balancing, which is not always possible to fully respect. In some cases not all of the segments have the same length. Particular care must be taken when generating surfaces when faults run parallel to the cross-sections, or more generally with orientations perpendicular to the direction of interpolation. Faults have to be modeled taking care of their dip angle, azimuth, and the amount of displacement. Knowing the general trend of the surfaces on both sides of the fault, the modeler can proceed in two ways to complete the horizons: (a) extruding a surface from the cross-section segment with a trend parallel to the fold axis toward the fault plane, then trimming away the parts cutting the fault plane, or (b) tracing an expected Allan line when the desired extrusion is creating a surface that is hard to trim because the fault surface is smaller than the final surface. An Allan line is a projection of the horizon on the fault surface (Allan, 1989) so that interpolation can be performed between the cross-section and this 'artificial' line on the fault.
Results and interpretation
Once all of the faults, thrust faults, and stratigraphic surfaces are generated, the model is complete (Fig. 6 ). The 3D model is available for download in Online Resource 1 attached to the online version of this journal and can be visualized using the free MoveViewer software available at http://www.mve.com. Please refer to Online Resource 1 for a description on how to handle the dataset.
The first observation that can be made in the model is that it comprises two separate blocks, W and E, separated by the Sax-Schwende Fault zone. Both blocks show a distinct structural framework and style as described below (Sect. 5.2).
Stratigraphic surfaces
The final surfaces are generally smooth, with some minor gaps due to tectonic and interpolation artefacts. As an example, we show the Schrattenkalk top surface with and without faults in Fig. 7 . The western part of the surface (i.e., west of Sax-Schwende Fault) is highly deformed and strongly affected by thrusting. At the center of the model (Fig. 7a) it is possible to identify the Marwies Anticline, which is underlined by the folded Rotstein Pass Thrust. The eastern part is more gently folded and a recumbent fold is developing from W (Saxer Lücke) to E (Hoher Kasten) with increasing amplitude and tilting of the axial surface. All surfaces are covering the whole model except for two: the Top Vitznau Marl, which is limited to the south of thrust E in the Western block (Rotstein Pass Thrust) and the Top Ö hrli Limestone, which disappears south of the anticline VI (Fig. 2b) .
Structural surfaces and observed style
The basal Säntis Thrust covers the entire model area. It is cut by the Sax-Schwende Fault that separates it in two parts, the western part of the thrust being higher than the eastern part. A discussion of the variable offset along this fault is given in Pfiffner (2011) . Generally, the offset along the Sax-Schwende Fault raised the western block in the south, whereas the horizontal, right-lateral displacement becomes more prominent to the north. The Säntis Thrust is also gently folded in its frontal part (NNW) as a syncline and in the rear (SSE) as an anticline.
The western block (Fig. 8 ) presents imbricated thrusts striking SW-NE with a mostly NW vergence. As an exception, two back-thrusts with a SE vergence exist in the area north of the Seealpsee (O) and in the Kreuzberg area, in the South (R). The most persistent thrust system besides the basal Säntis Thrust is the Rotstein Pass Thrust that further divides the western block into two smaller subareas (Fig. 8, 9 ). The front of this thrust is folded in the Marwies area as anticline-syncline pair (Fig. 8) , with a consequent doubling of the stratigraphic sequence as seen in outcrop in the Marwies north wall. The Rotstein Pass Thrust is bounded on both sides by a series of small imbricates with similar vergence; we define the combination of small imbricates and main thrust blocks as the Rotstein Pass Thrust Zone.
The eastern block (east of Sax-Schwende Fault) shows less thrusting but includes a km-scale folded Ultrahelvetic thrust in the North and the North Penninic Thrusts in the South (Fig. 2b) . The southern part evolves toward the East (toward Hoher Kasten) into a recumbent fold. During the construction of transect S12-2 (Fig. 4e ) a tectonic window immediately east of the Hoher Kasten was studied in the field to improve the general understanding of the area. Situations like the interfingering of the Fig. 4 Set of cross-sections used for the 3D model construction. All cross-sections are seen from the NE (as in Fig. 1 , precise orientations of cross-sections in degrees from North are given by the arrow in each upper-right corner). Cross-section names of Fig. 2 are given in each lower-right corner. The location of each cross-section is shown in Fig.  2 . Each horizon represents the top surface of a unit; the colors of the horizons follow the stratigraphic scheme given in Fig. 2 . a Set of cross-sections (Pf1-Pf4) modified from Pfiffner in Funk et al. (2000) . b Set of cross-sections (PfA-PfE) modified from Pfiffner (2011) , partly based on Kempf (1966) . c Set of cross-sections (Sc2-Sc5) modified from Schlatter (1941) . d Set of cross-sections (Sc6-Sc9) modified from Schlatter (1941) (continued) . e Set of cross-sections (S12-2 and S12-2) prepared for this work. f Dog-legged cross-section set (29) modified from Pfiffner (1985) . These cross-sections were only published later in Pfiffner (2011) Vitznau Marls and the disappearing Ö hrli Limestone in the south were modeled considering the change in structural style at the surface (Fig. 2) . In defining the boundaries of these units, the Rotstein Pass Thrust plays an important role. In fact the Vitznau Marl thins out immediately north of the first anticline north of the Rotstein Pass Thrust Zone in the western block (Fig. 9a) , while in the eastern block the same unit spreads across the whole block (Fig. 9a) . The Ö hrli Limestone and the Vitznau Marl coexist at the Rotstein Pass Thrust Zone, then the Ö hrli Limestone tongue disappears south of the Rotstein Pass Thrust Zone and a change in structural style is marked by the presence of open folds starting south of anticline V and VI (Fig. 9b) .
Discussion

Depth validation with information from caves
The structural model is based solely on interpreted crosssections. Depth constraints like seismic lines or deep wells, which would allow a more precise interpretation and a control of the stratigraphy at depth, are not available. This can lead to some uncertainties, for example the depth to the detachment (Säntis Thrust) or the exact extension of the lower marly intervals (Ö hrli and Viznau Marl). Additional information on subsurface geological boundaries can nevertheless be obtained from unusual data sources such as caves and from hydrogeological models. In fact, the Alpstein is rich in caves and some of them extend to depths of almost 1,000 m below surface. In the Zwingli Pass area, there are four large cave systems with an extension of up to 1,000 m and crossing at least two lithological boundaries. These caves are the Häxloch, the Schacht-Z7, the Huldrychhöhle and the Schneehöhle (Fig. 10) . Two other long karstic systems can be found in the area of the Säntis and the Ö hrli peaks. A single long system is known in the eastern part of the model, but it has not been mapped in detail, so it was not possible to implement it into our model. The Speleological Group of Eastern Switzerland (Ostschweizerische Gesellschaft für Höhlenforschung-OGH) provided digital cave maps, containing distances and directions (slope and azimuth) between reference points along the cave, which were measured with a laser level tool. The files were imported into the mathematic software suite Matlab (Mathworks Inc.) and the absolute coordinates of the reference points were calculated starting from the entrance point, where a GPS measurement is available. The absolute 3D coordinates of these cave data were then imported in our Move model to visualize their intersection with the lithological interfaces.
Our final model predicts that the caves cross at least one lithological interface (Fig. 11) . The Häxloch cave opens in the Schrattenkalk but continues mostly in the Helvetischer Kieselkalk and the Betlis Formation in its deeper parts (Fig. 11a) . The Huldrychhöhle opens in the Seewen Formation, crossing the Garschella Formation and ending in the Schrattenkalk (Fig. 11b) . The Schacht-Z7 cave mostly follows the Schrattenkalk, crossing the Garschella Formation and posssibly ending in the Seewen Formation (Fig. 11c) . The Schneehöhle develops mostly in the Schrattenkalk, but a branch crosses the boundary with the Helvetischer Kieselkalk. The latest cave survey conducted by OGH revealed the geology of some caves at smaller scale, confirming some of the predictions of our model. The model can give a rough idea of the geological formations crossed by a cave. However, the model scale can be too large for precise predictions on the scale of a cave. Problems arise when the caves developed along tectonic lineaments, as is the case of the Häxloch, where the large scale resolution of the model does not show the effect of a normal fault detected by the speleologists in the cave.
Shortening estimate
From line-length balancing, comparing the constructed with unfolded section (Table 2) , it is possible to estimate the amount of shortening in each cross-section ( Fig. 12 ; Table 2 ). We observe a sudden change in shortening across the Sax-Schwende Fault, with higher shortening values in the West. The long cross-sections from Pfiffner in Funk et al. (2000) show values of around 50 % shortening for the western block and around 30 % Table 2 Cumulative formation lengths for each cross-section (Fig. 4) 2, 267.45 3, 322.99 3, 676.77 3, 751.19 3, 952.59 3, 693.87 3, 379.58 3, 031.2 2, 709.8 SE4 2, 796.21 3, 697.36 3, 759.68 3, 748.36 4, 574.82 5, 004.76 5, 020.87 11, 981.98 12, 669.93 12, 760.19 13, 855.62 14, 051.53 13, 989.35 8, 338.08 6, 339.39 SW Seewen formation, G Garschella formation, SK Schrattenkalk, KK Helvetischer Kieselkalk, BE Betlis formation, VM Vitznau Marl, OK Ö hrli limestone, OM Ö hrli Marl shortening for the eastern block. In the Vorarlberg area in Austria, a continuation of this west-east shortening gradient is observed from 30 % just east of the Rhine Valley to 16 % in the Iller Valley (Zerlauth et al. 2014 ). In our model, there is an additional shortening gradient inside the western block (Fig. 12) , where the shortening increases from south to north: the cross-section set in the North from Schlatter (1941) reveals shortening values of 60 % while the set in the South from Pfiffner (2011) exhibits an average shortening of 47 %. These changes in shortening can be related to both changes in thickness of the formations and changes in the structural style. In the eastern block and in the South of the western block, where the Vitznau and Ö hrli Marl are present and the Ö hrli Limestone thins out (Fig. 8) , the stratigraphic sequence is thicker and the structural style is dominated by open folding or detachment folding. There are only few thrust faults shortening the nappe in these parts, apart from thrust Y in the eastern block. The resulting shortening is relatively low (Fig. 12) . Vice versa, where the sequence is thinner and there is only one marly interval acting as a detachment level (as in the North of the western block), the shortening is larger and accommodated by single trains of fault-propagation folds that can be followed for Fig. 9 (Fig. 8 ).
6.3 Nature of the Sax-Schwende Fault (and other palaeogeographic considerations)
It is interesting to note that the Sax-Schwende Fault could be restored, with a translation movement toward south, to a position on the eastern flank of the Verrucano basin of the Glarus nappe. Inversion of this Permian basin uplifted the central part of the basin (Pfiffner 2009 ). The lateral N-S striking ramp along the eastern border of the Verrucano basin may have had an effect on the overlying Mesozoic strata and possibly initiated the Sax-Schwende Fault. This would explain that the internal structures of the Säntis nappe in the two blocks separated by this fault partly evolved independently, each with a different history and deformation style. Our structural model may be used in future studies to confirm the connection between the SaxSchwende Fault and the eastern flank of the Permian Verrucano basin. The eastern block of our model comprises sediments that were deposited palaeogeographically deeper than in the western block, reflected by the distribution of the Vitznau Marl covering the entire eastern block. Upon restoration, the eastern block is shorter than the western block. We interpret the Sax-Schwende Fault zone as an inherited margin (a reactivated normal fault bounding the Permian through of the Verrucano deposits). This extensional normal fault has created space that accommodated the deposition of the marly facies and later acted as a lateral ramp for the Säntis Thrust. Similar structures and formation mechanisms can be found in similar fold-andthrust belts (e.g., the Loch Assynt Fault in the Moine Thrust Belt, north-western Scotland; Krabbendam and Leslie 2010) .
Considering its position relative to the distribution of the marly intervals, the Rotstein Pass Thrust can also be interpreted as a palaeogeographic feature: an ancient shelf margin where the basin deepened, similar to the SaxSchwende Fault, but with an orientation at right angles. This would explain the distribution of the Vitznau Marls concentrated only in the South of the western block (Fig. 9) .
Conclusions
The presented 3D structural model of the Säntis area, constructed using interpreted cross-sections, allows the following conclusions to be drawn.
The Sax-Schwende Fault cuts through the basal Säntis
Thrust and divides the Säntis nappe into two distinct blocks, a higher western block and a lowered eastern block, each with a different deformation history and structural style. 2. The Rotstein Pass Thrust further divides the western block into two sub-blocks with different stratigraphy and different structural style. Imbricate thrusting prevails north of the Rotstein Pass; open folding dominates in the southern sub-area. Changes in the structural style can be related to lateral variation of the stratigraphic sequence, where either single (north) or multiple (south) detachment levels occur. This structural organization may reflect an inherited palaeotopography, like palaeomargins of the European shelf, subsequently reactivated as frontal and lateral ramps. The Rotstein Pass could have marked a deepening of the shelf, south of which the Vitznau Marls were deposited. 3. The genesis of the Sax-Schwende Fault could be related to the inversion of the Verrucano basin in the Glarus area. During the Mesozoic, the fault could have acted as a palaeomargin influencing the stratigraphy, and delimiting a deeper realm in the East. Finally, the Sax-Schwende Fault may have been active from the early phases of pre-folding, enabling an almost independent deformation east and west of the fault, resulting in different folding styles.
Interesting future studies include a 3D restoration of the model to further quantify lateral shortening gradients and a restoration at a bigger scale, sliding the model onto the Glarus Thrust to confirm the relationship Our structural model could also be integrated and compared with Zerlauth et al. (2014) in order to see a correlation with the structures east of the Rhine Valley. Finally, the model could be expanded to the West to include the area of the western Säntis and the Drusberg nappe. Fig. 11 3D oblique For a better feel of the 3D nature of the cave data it is therefore recommended to download the full model (including the cave data) from Online Resource 1 in the online version of the journal and ''fly'' through the model, interactively Fig. 12 Bulk shortening calculated for each crosssection, based on the Schrattenkalk cross-section length (for the data, see Table 2 ). The highest shortening values occur in the western block, particularly in the northern part. This is consistent with the nature of the structures in the different structural domains. The eastern block has lower shortening values. The slightly higher shortening value of crosssection S12-2, is due to the presence of a tectonic window in the Hoher Kasten area
